ABSTRACT: Capping of contaminated soft sediments and sludges for in situ containment provides an efficient remediation alternative. Capping design typically involves the use of geosynthetics for multiple functions, e.g., reinforcement, separation, and filtration. Filtration performance becomes a decisive factor for proper long-term performance of a cap. Because of multiple functions required, woven geotextiles are often the choice geosynthetic in such applications. A research program concerning the filtration behavior of contaminated wastewater treatment sludges was conducted. The laboratory portion of the program included a series of filtration tests with different woven geotextiles. Filtration performance of the sludge-woven geotextile systems was also observed in field test cells. Geotextile samples were exhumed from the cells after exposure and analyzed in the laboratory. The results indicate that the sludges can be filtered using woven geotextiles and the selection of a proper filter can be made on the basis of geotextile pore structure parameters, i.e. percent open area and pore opening size distribution. The standard gradient ratio test did not always reflect the filtration performance and, therefore, other clogging ratios need to be considered. A commonly used geotextile pore opening size-to-soil particle ratio in the existing filter criteria, O 95 /D 85 , did not predict the filtration behavior displayed by the sludge; however, another ratio, O 50 /D 50 , showed general correlation to clogging and retention.
INTRODUCTION
Recent studies (Grefe 1989; Zeman 1994) indicate that capping of contaminated soft sediments and sludges for in situ containment provides an efficient remediation alternative for these materials. Such a contaminated sludge site was recently remediated in Madison, Wisconsin, USA, by constructing a cap over the sludge lagoons. The Madison Metropolitan Sewerage District generates sludge as part of its water treatment process. In the past, the sludge was disposed of in lagoons and was subsequently retrieved as fertilizer for application on farmlands. However, subsequent analyses showed that some of the sludge contained polychlorinated biphenyls (PCBs), which are detrimental to human health at concentrations above the allowable limit (50 mg/kg of sludge solids). As a result, land application was banned and the contaminated sludge lagoons were designated a superfund site. The District evaluated different remediation alternatives to treat its sludge lagoons; capping of the sludge lagoons and in situ containment of the sludges was accepted as the method of remediation with the approval of the United States Environmental Protection Agency. The area has been converted into a wildlife refuge and observation area along with the adjacent wetlands.
Design of such a cap typically involves the use of geosynthetics to provide essentially three functions: reinforcement, filtration, and separation. While reinforcement is an important function for providing a good construction platform on soft sludge, filtration is another function that is critical for the long-term performance and is addressed in the present paper. Clogging becomes more important in the case of sludge, since the physical nature of sludge promotes geotextile clogging. In addition to providing anti-clogging performance during consolidation and other fluid movement, openings of the geotextile should be small enough to prevent excessive piping and retain the contaminated sludge solids. PCBs have low solubility and adsorb on the sludge solids; therefore, retention of the solids is important while providing free fluid flow across the geotextile. Wastewater sludges include organic matter and behave differently than regular soils when filtered with geotextiles. Currently, there is no published clogging criterion specifically applicable to sludges. Sludges are often contaminated materials and the piping limits set for uncontaminated soils should be reevaluated for these geomaterials.
To define the filtration performance of sludge-geotextile systems, soil filtration tests (gradient ratio and filter press tests) and geotextile permittivity tests were conducted with various woven and nonwoven geotextiles. These tests were also conducted using a silty-sand sample prepared to mimic the particle size distribution of the sludge to provide a reference. Image analyses were performed to quantify the degree of clogging. The long-term filtration performance of sludge-geotextile systems was also observed in seven field test cells capped using a lightweight fill. Comparisons were made between the laboratory and field results to validate the laboratory behavior. The results of analyses performed using woven geotextiles are presented; nonwoven geotextiles are presented elsewhere (Aydilek and Edil 2002) .
LABORATORY TESTS

Materials
Sludge and Soil
Physical and chemical properties of the PCB-contaminated wastewater treatment sludge were determined in the laboratory and are listed in Table 1 . The sludge can be classified as organic silty sand (SM) according to the Unified Soil Classification System. The attempts made to determine the liquid and plastic limits of the sludge samples indicated that the sludge was nonplastic.
The reference soil used in the present study was silty sand prepared as a mixture of Portage sand and Madison silt to approximate the particle size distribution of the sludge. The mean specific gravity of the soil was 2.67 and it contains no organic materials.
Geotextiles
In the laboratory testing program, nine woven geotextiles were used. The geotextiles were selected from the ones most often used in filter applications and had a wide range of percent open area (POA), apparent opening size (AOS or O 95 ), and permittivity values. An exception was Geotextile U, which was introduced into the testing program for comparison purposes. Geotextile U is not used in filtration applications due to its large POA value. The physical and hydraulic properties of the geotextiles are given in Table 2 . 1985; Filz et al. 2001) . The gradient ratio test is usually conducted to determine the clogging potential of soil-geotextile systems; however, an additional measurement from the test could also be made to determine the amount of piped soil. A critical review of the existing filtration test methods (Sansone and Koerner 1992; Fischer 1994) showed that the gradient ratio test appears to be the most appropriate method for filtration. Contrary to the 24-hour procedure prescribed by ASTM D 5101, gradient ratio tests in the present study were continued until the stabilization of permeability and gradient ratio was observed. The 24-hour time period is usually not long enough to achieve a steady hydraulic conductivity in testing difficult soils (Fischer 1994; Akram 1995; Almeida et al. 1995) , and the values obtained at 24 hours could be misleading. Therefore, the tests were run until the stabilized gradient ratios were obtained. The stabilization criterion adopted called for the last five gradient ratios and hydraulic conductivities to vary less than 25%. Hydraulic gradients of 1, 2.5, 5, and 7.5 were used in the tests. Duplicate tests were performed on Geotextiles A and D for quality control purposes. The permeame- ter described in ASTM D 5101 was used for long-term gradient ratio tests. The specimen preparation technique described in ASTM D 5101 was followed for the silty sand but was slightly modified for the sludge. Reverse filling of the permeameter was eliminated, and sludge was placed directly on the geotextile. Due to the gases in the sludge, back-saturation of the specimens was slow. To speed-up the process, a Tygon ® tube was connected to the bottom of the specimens with its other end open to air. The specimens were then back-saturated for 24 hours. Filters with openings of 1µm were used to filter the tap water to remove any suspended solids, and the carbon dioxide gas was not used for back-saturation (Fischer et al. 1999) . A fully automated water de-airing and control system was built by using a series of relays and electric valves. The system continuously supplied the test water at a rate of 1 L/minute from a tank with a maximum capacity of 80 L. The dissolved oxygen content of the water was regularly checked and maintained between 3.5 and 4 mg/L.
The API filter press test is commonly used for testing filtration behavior of bentonite slurries. It was adapted to determine the filtration properties of sludge on geotextiles. Sludge contains fine particles similar to bentonite slurries, therefore, the filtration can be expected to result from the formation of a filter cake on the geotextile. The test method was modified for use with geotextiles and the tests were conducted primarily to determine the retention characteristics of sludge-geotextile systems. Instead of filter paper, a geotextile was placed under the sludge and the volume of effluent was measured until a steady state condition was reached (typically 6 hours instead of the 30-minute period, generally used for bentonite slurries) (Figure 1) . A pressure of 7 kPa was applied during the test to simulate the expected field gradients. Air pressure was applied onto the sludge specimen and the amount of outflow was determined along with filtrate clarity, similar to an approach described by Novak and Montgomery (1975) and Novak et al. (1979) . After the tests, filter cake formation over the geotextile was monitored. The filter press test allows the determination of the amount of piped fines directly. It is a rapid test and in most cases, the outflow stabilizes in 6 hours. The retention performance of virgin geotextiles as well as the ones exhumed from the field test cells was determined using this test.
Permittivity tests were conducted to quantify the change in the hydraulic performance of geotextiles after subjecting them to filtration with sludge in the gradient ratio test or in the field. No permittivity tests were run on the geotextiles tested with silty sand. The permittivity tests were conducted under a hydraulic head of 50 mm, in conformance with ASTM D 4491. The water used in the tests was de-aired to an oxygen content of 3.5 to 4 mg/L. Test water temperature was set at 20°C to avoid the effect of viscosity changes on the quantity of discharge. The surface of the geotextile specimens was brushed before the post-filtration permittivity tests. Thus, the results obtained from the post-filtration permittivity tests are a measure of permanent clogging of the geotextile by the sludge. Four tests were conducted on each geotextile sample and an average of these values is reported as the final permittivity.
In addition to these laboratory tests, percent open area, POA, and pore opening size distributions, PSD, of virgin geotextiles and those subjected to gradient ratio test were determined and comparisons were made. Since the permittivity of woven geotextiles is generally directly related to their percent open area, the effect of clogging can be been shown to be the most important factor for clogging performance of woven geotextiles (Calhoun 1972; Mylnarek and Lombard 1997; Austin et al. 1997) , determination of geotextile pore opening size distribution, PSD, was also considered to be necessary because the existing geotextile selection criteria were based on the geotextile pore opening size-to-soil particle size ratios. Woven geotextiles, in general, exhibit more uniform pore opening size distribution compared to nonwoven geotextiles; however, some woven geotextiles (e.g. slit-film and multifilament) can have significant variation in pore opening sizes. POA and PSD measurements were also performed on the geotextiles exhumed from the field cells.
A new method of measuring POA and PSD values for geotextiles using image analysis was employed. Two algorithms were developed using IMAQ, an image analysis software working under LabVIEW. POA values were calculated by dividing the number of open areas by the size of the entire image. For PSD determinations, the shape equivalence method was incorporated. A range of geotextile opening diameters (i.e., comparable to the U.S. Standard Sieve Sizes commonly used) was defined in the algorithm and each opening size was compared to the minor axis length of an ellipse fitted to the pore. Among the methods available in IMAQ, the closest one to represent sieve analysis is the shape equivalence method using an ellipse. The number of particles given in the output was defined as the number of pores having a minor axis length greater than a given opening diameter, which simulated retaining percentages in the dry sieving analysis. Aydilek (2000) provides a detailed description of the developed image algorithms.
Method of Analysis
Gradient ratio tests were conducted on sludge-geotextile and silty sand-geotextile systems. ASTM D 5101 defines gradient ratio, GR, as the ratio of hydraulic gradient in the contact zone to hydraulic gradient in the soil:
(1) ASTM D 5101 gives a GR of 1 as the limit for clogging whereas the U.S Army Corps of Engineers considers GR values of up to 3 acceptable. Previous research has shown that the 24 hour time period is usually not enough to achieve a stabilized gradient ratio (Fischer 1994; Akram 1995) and long-term testing is recommended. Fischer (1994) also showed that gradient ratio may not be representative due to the analysis of a relatively small soil-geotextile contact zone in the gradient ratio apparatus and recommended the use of alternative ratios. This is specifically true for sludges, since a clod-like structure was typically formed after sludge placement with visible voids between these clods ( Figure 2 ). This sludge structure may dramatically increase gradient ratios, since blocking of a manometer port by a clod would change the head registered in that particular manometer.
Due to these reasons, the use of gradient ratio, GR, was eliminated for the analysis of test results for sludge, and its use was reserved for silty sand-geotextile systems. Consistent with the suggestions of Fischer (1994) , a different ratio, the permeability ratio, K R , was used for the analysis of gradient ratio tests conducted on sludge-geotextile systems. The applicability of the same ratio was also investigated in the tests with silty sand. The permeability ratio is defined as: (2) where k soil and k system are the hydraulic conductivities in the soil and the entire system, respectively. The hydraulic conductivity of the entire system, k system , is determined using the applied hydraulic gradient on the soil-geotextile system (i.e., 1, 2.5, 5, 7.5). For k soil calculations, i soil values were calculated using the readings registered by
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manometers located 25 and 75 mm from the top of the middle section of the permeameter. For both of the hydraulic conductivities (i.e., k soil and k system ) stabilized flow rates were used (determined by taking the average of the last five stabilized values for each test). Fischer (1994) defined a similar ratio, R k ; however, in k soil calculations, Fischer (1994) used the average soil permeability value determined from all of his filtration tests. Since sludge may exhibit heterogeneity, use of individual specimen permeabilities would be more representative. A clogged geotextile results in a decrease in system permeability with a ratio of soil permeability to stabilized system permeability being greater than unity. This might be valid for natural soils; however, considering the heter- ogeneities in sludge, this limit should be reconsidered. Similar to the U.S. Army of Corps of Engineers' criterion for GR, K R = 3 is set as the limit for acceptable clogging of sludge-geotextile systems and was used throughout the analysis.
Another ratio used in the evaluation of the test results is the ratio of the geotextile permittivity after the gradient ratio test (after filtration) to virgin geotextile permittivity, which is called the permittivity ratio, Ψ R , for the purposes of the present study:
This ratio does not give any information about the changes in the system permeability or the compatibility of sludge/silty sand and geotextile. However, it is a good indicator of the reduction in flow capacity of a geotextile and it is a practical test. This ratio should be equal to one for an unclogged geotextile; indicating no change in flow capacity of the geotextile. To account for physical and biological clogging, virgin geotextile permittivity in practice is usually divided by a factor of safety of 2 to 5, which corresponds to a flow reduction of 50 to 80% (Koerner 1997) . Critical applications may require more conservative values; therefore, a flow reduction of up to 20% (this corresponds to a permittivity ratio of 0.8) is allowed when using filters with sludges.
In addition to the ratios mentioned above, a new ratio, percent open ratio, POA R , is defined to relate the effect of changes in POA on the observed clogging behavior:
This ratio gives information about the degree of change that occurs in open areas of a geotextile as a result of filtration. Since permittivity is strongly related to POA, POA R is usually close to permittivity ratio, Ψ R . Therefore, the same limit of 0.8 suggested for Ψ R can be set for POA R as well.
In summary, long-term stabilized gradient ratio, permeability, permittivity and percent open area ratios were all expected to be discriminating indicators of the clogging behavior of geotextiles and, therefore, they were measured. Gradient ratio and permeability ratio are the primary indicators of clogging performance and the latter two ratios can be considered indices of clogging. However, due to the aforementioned reasons in the case of sludges, gradient ratio could not be relied on as an indicator of clogging performance and it was considered together with the other measures of clogging potential.
FIELD STUDY
Construction of the Cells and Field Investigations
To define the filtration performance of sludge-geotextile systems and investigate their durability, seven sludge lagoon test cells were capped. A light-weight fill, i.e., a wood chip/soil mixture, was used as a cap material along with six different woven geotex-
tiles; Geotextiles A, B, C, D, G, and X. The physical and hydraulic properties of the geotextiles used in the field study are given in Table 2 . Piezometers installed at different depths in the sludge provided information about the pore water heads and, therefore, measured the clogging performance. Laboratory tests were performed on the field-exhumed geotextile samples to understand their clogging performance in field applications. Two of the cells used the same woven geotextile (Geotextile A) and were constructed in two different seasons: summer and winter to observe seasonal effects on constructibility. Figure 3 shows the layout of the test cells. Pre-sewn geotextiles were placed on the sludge and the lightweight fill was placed above the geotextiles. Thicknesses of the sludge and the fill ranged from 1.2 to 1.4 m and from 0.5 to 1 m, respectively. Detailed information about the construction of the test cells can be found in Edil and Aydilek (1997) and Aydilek (2001) .
Samples were exhumed at 6 and 12 months after the construction of Test cells 1 and 2, and 12 months after the construction of Test cells 3, 4, 5, 6, and 7. An excavator was initially used; however, due to damage to the geotextile, its use was discontinued. This method appeared to disturb the underlying sludge and cause piping of excessive material through the geotextile. Instead a bucket auger and a hand shovel were used to dig a test hole. The test holes were approximately 1.2 m by 1.8 m in area. When the excavation depth was within approximately 0.15 m of the anticipated geotextile locations; cap materials were removed by hand to locate the geotextile. A 72.6 mm Shelby tube with a sharpened end was inserted through the geotextile into the sludge from the corner of the excavated hole. This method allowed collection of cap material from just above the geotextile-sludge interface as well as the sludge below the geotextile. Separately, two samples of the cap material were collected directly above (typically 20 mm) the geotextile for laboratory analysis. During sampling, the thickness of the zone of intermixing (sludge fines and cap material) was determined. This thickness was generally small, being less than 50 mm in most cases. The supernatant at the top of the geotextile was collected and transferred to the laboratory. After the cap material was removed from the geotextile surface, a utility knife was used to cut the perimeter of the exposed geotextile in the test hole. Exhumed geotextiles were carefully removed and placed in ziplock bags for laboratory analysis. Some leachate was added to the bags to prevent drying and the samples were kept in a 100% relative humidity room until they were tested, following the procedure described by Corcoran and Bhatia (1996) . Sludge samples were also collected for laboratory determination of water and solids contents. Geotextile patches were placed over the areas before the test pits were backfilled.
Pore water heads in the field test cells were monitored during and after cap construction. Excess pore water heads, which occurred due to loading of the sludge by the cap, dissipated approximately within 2 years after the construction and followed the trend observed in the settlement data for all of the cells.
Laboratory Tests on the Exhumed Geotextiles
The main objective of the field study was to evaluate the filtration and separation performance of the geotextiles used in sludge capping and to provide supporting data for the inferences derived from the laboratory tests performed on virgin geotextiles. Laboratory tests (i.e. permittivity tests, image analyses, filter press tests) performed on the exhumed geotextile samples provided additional information about long-term performance of the geotextile filters. After the samples were transported to the laboratory, a digital image camera was used to assess the damage on the geotextile surface. No apparent damage was observed on the exhumed geotextile samples indicating the effectiveness of the sampling procedure employed and survivability of the geotextiles. Some wood chips intruded into the cap-geotextile interface; however no punctures or tears were visible. Excess material on the geotextile surface was removed by a wet brush and micrographs of the samples were taken. Removal of excess material was necessary to expose the geotextile and determine if clogging had occurred. Permittivity tests and image analyses performed on the exhumed geotextile samples provided valuable information about the change in flow capacity of the geotextiles. Image analyses were mainly performed to determine percent open area, POA, of the field geotextile samples, after which the percent open area ratio, POA R , could be calculated.
Replicate filter press tests were conducted on each exhumed geotextile sample to determine the change in their retention capacity. Control tests were also conducted on the virgin samples of the geotextiles with the lagoon sludge samples. The performance of the exhumed geotextiles was reported in terms of the percent changes in filtrate loss.
RESULTS AND ANALYSIS
Clogging Behavior of Geotextiles
Specimens Exposed to Filtration in the Laboratory
The values of GR, K R , POA R , and Ψ R for the sludge-geotextile systems exposed to filtration in the laboratory are given in Table 3 . The results of the gradient ratio tests for silty sand are also given in the same table as a reference. The results indicate that GR is consistent with K R and POA R for silty sand, but not for sludge. A review of the data in Table 3 shows that all of the geotextiles tested with sludge would be considered clogged based on the criterion that sets GR = 1 as the limit, and only one of them would be considered unclogged when the U.S Army Corps of Engineers' limit of 3 is used. However, analysis of the K R ratios (therefore, the measured permeabilities at different locations in the soil) does not support these conclusions. Some of the K R values were slightly above the suggested limit of 3 (not shown in the table) under the initial hydraulic gradient applied (Aydilek 2000) ; however, the ratios decreased with increasing hydraulic gradient possibly due to initial relocation and redeposition of sludge particles. Additionally, the Ψ R and POA R ratios show that the flow capacity of the geotextiles, in most cases, remained unchanged during laboratory filtration and these ratios are in close agreement with the K R ratios. Therefore, due to the problems associated with testing of sludges in the gradient ratio test (i.e., clogging of manometer ports, Table 3 also show that Ψ R and POA R values are typically consistent with each other. The discrepancies observed for Geotextiles E and F are attributed to their relatively heterogeneous structure suggesting that the number of specimens tested for POA determination of these geotextiles should perhaps be increased. Most of Ψ R and POA R value are approximately 1, which indicates that geotextiles tested either with sludge or silty sand remained unclogged. The only exception is Geotextile D (Ψ R = POA R = 0.53). This is also verified by the high K R values, which might, in turn, point out that Geotextile D was at the verge of clogging when tested with sludge.
Clogging ratios (GR and/or K R ) for sludge and silty sand are plotted versus percent open area in Figure 4 . Initially, an increase in K R occurred with increasing POA for sludge. This is attributed to variations in the geotextile POA values and clod-like structure of the sludge. Woven slit-film geotextiles usually have small POA values and the POA of a particular geotextile could be variable due to the relatively heterogeneous structure (Aydilek 2000) . However, the trend is clear; K R decreases with increasing POA for both sludge and silty sand, showing the effect of geotextile open area on clogging behavior. The change in K R is small for the POA values greater than 10 and the ratios stabilize at about POA = 14. Furthermore, most of the Ψ R and POA R values are close to 1 (Table 3) indicating that the flow capacity of the geotextiles practically remained unchanged. These trends are consistent with the findings of Austin et al. (1997) and Mylnarek and Lombard (1997) . Both studies indicated that POA is the main pore structure parameter affecting the clogging performance of woven geotextiles.
The geotextiles subjected to gradient ratio tests with sludge were analyzed to determine the degree of change in the POA and PSD values using the image analysis method. Figure 5 shows that the POA of most of the geotextiles remained unchanged after the test. The decrease in POA is in the range of 1 to 12%, for a majority of the geotextiles tested. The exceptions are Geotextiles E, F (virgin POA = 0.6), and D (virgin POA = 2) tested with sludge, which experienced a decrease of 47 to 60%. However, the same behavior was not evident for Geotextile A, although it also has a POA of 0.6. On the other hand, large decreases in the POA of some of the geotextiles with virgin POA < 2 support the large K R values observed for these particular geotextiles. The decrease in POA, in general, was less for the geotextiles tested with silty sand. Figure 6 shows the pore opening size changes in two characteristic sizes, O 95 and O 50 , after the laboratory tests conducted with sludge and silty sand. The geotextiles experienced a greater decrease in their two characteristic pore opening sizes when tested with sludge. The decrease was specifically greater in their O 50 pore opening sizes. In general, the decrease in the two pore opening sizes is insignificant; being less than 10% in most cases. Exceptions are Geotextiles A, E, and F (POA = 0.6) tested with sludge. The decrease is as high as 30% in their characteristic pore opening sizes. These geotextiles have a POA of less than 1 and have only a few large pores. sludge particle blocked a pore of these particular geotextiles, it would not be able to pipe through the geotextile and would remain within the blocked pore. Figure 7 is given as an example to show the difference between two virgin geotextiles with two different percent open areas. The analysis of the change in pore opening sizes via image analysis indicated that blocking affected mostly the smaller pore opening sizes (i.e., O 50 ), and not O 95 , which is a pore opening size characteristically used in the existing filter criteria. Therefore, a parametric study is required to evaluate various pore opening sizes (O x ) to find the size that is most affected during filtration.
Laboratory Tests on Specimens Exposed to Filtration in the Field
No excess pore water head build-up at the sludge-geotextile interface was observed, which indicates that the sludge did not clog the geotextiles in the field tests. Excess pore water heads measured in the field are plotted versus time in Figure 8 for a sample test cell, Test cell 1. Percent open areas of the exhumed geotextiles were determined using the image analysis method. After these analyses, permittivity tests were performed on these samples, in conformance with ASTM D 4491. Four permittivity tests were conducted on each sample, and permittivity ratios, Ψ R , were calculated based on the mean value. For an unclogged geotextile this ratio should be 1.0. Table 4 summarizes the changes in permittivity and percent open area ratios for each geotextile exhumed one year after construction. Table 4 shows that permittivity For exhumed geotextiles, the decrease in the O 95 pore opening size values was less than 10%; however, somewhat greater changes in their median pore opening size, O 50 , were observed as shown in Table 5 , i.e. as large as 13%. This trend is similar to the observations made in the laboratory tests that smaller pores are controlling the clogging. In general, geotextiles with relatively larger POA values and, thus, higher permittivities, experience less clogging. Smaller geotextile pore opening sizes, i.e., O 50 , can be related to permittivities as they are the controlling sizes for clogging. As a Note: P Soil-GT = piezometer at the soil-geotextile interface.
Comparison of Laboratory and Field Results
Both field and laboratory results indicate that the geotextiles, in general, were not clogged when tested with the sludge. Both the Ψ R and POA R values were in a comparable range. An exception to this was Geotextile D. Large permeability ratios, K R , were obtained for Geotextile D when it was tested with sludge in the laboratory and this was further verified by the Ψ R and POA R values. However, the same behavior was not observed for the Geotextile D specimen exhumed from the field. Therefore, it is not clear why this performance was observed in the laboratory. Further observations on the clogging behavior were made by analyzing the changes in the two characteristic pore opening sizes. The decrease in O 50 pore opening size values of the exhumed geotextiles compares well with O 50 values of the ones exposed to filtration in the laboratory (Table 5) . Additionally, the percent reductions in O 95 values are comparable. The geotextiles experienced slightly larger reductions in the O 50 pore opening size values than the O 95 values suggesting that smaller pore openings rather than large pore openings of a geotextile are the limiting sizes for clogging.
Retention Behavior of the Geotextiles
Specimens Exposed to Filtration in the Laboratory
Gradient ratio tests provided valuable information about retention performance of the geotextiles. The amount of sludge piped through the geotextiles in all tests, except Geotextile U, was in the range of 100 to 1,730g/m 2 ; but less than 2,500 g/m 2 , a limit suggested by Lafleur et al. (1989) for internal stability of soils (Figure 9 ). Considering the environmental regulations, a lower limit of 1,900 g/m 2 was set (Aydilek 2000); however, that was still higher than the measured piping rates. It should be noted that Geotextile U, which had a piping rate of 3,500 g/m 2 , has a significantly higher POA value (53%) than the others. Geotextile U is not commonly used in filtration applications and it was introduced in the testing program merely for comparison purposes. Piping rates were higher for the silty sand in all tests; the geotextiles with POA > 10 had a piped amount above the limit of 2,500 g/m 2 when they were tested with silty sand. This difference in behavior is most likely due to the clod-like nature of sludge, which prevents the free movement of solid particles, since the particle size distributions of both materials were essentially the same. The piping rate increases with increasing POA for both soils, which is consistent with the findings of Austin et al. (1997) and Mylnarek and Lombard (1997) . Therefore, percent open area is an important geotextile pore structure parameter that controls retention performance.
Retention performance was also evaluated by measuring the amount of piped sludge solids in the long-term filter press tests, and the results are given in Figure 9 . The percentage of retained sludge solids were in the range of 97 to 99% in the filter press tests, and the measured piping rates were insignificant (100 to 800 g/m 2 ). No significant discoloration of the outflow and no filter cake formation were observed in any of the tests. Even though the formation of a filter cake is desirable as it contributes to the retention of solids, it is usually not observed in testing of woven geotextiles. The filter press test is a simple and quick test for comparative evaluations of piping even though the test specimen size is small and the test duration is relatively short. Note: FP = filter press, GR = gradient ratio.
Laboratory Tests on Specimens Exposed to Filtration in the Field
Before exhuming the geotextiles, measurements were made to determine the thickness of the zone of intermixing above the geotextile. This thickness was generally small, being less than 50 mm in most cases, which indicated that no significant sludge intrusion into the overlying cap was occurring. Observations during exhumation of geotextile samples also indicated that there was no significant piping of the sludge through the geotextile. The supernatant samples collected from the cap-geotextile interface were analyzed to determine if an excessive amount of sludge piped through the geotextile. The samples were allowed to settle in glass graduated cylinders for 48 hours; however, no measurable amount of material (sludge solids) was visible. As part of another attempt, samples of the cap material collected on the geotextile interface were dried and wood chip, soil, and sludge particles were separated. Sludge solids were black in color and could easily be separated from the soil particles. The weight of the intruded solids was insignificant, in each case being less than 10 grams for 2,000 to 4,000 grams of collected cap material. This corresponded to a piping rate of less than 600 to 1,200 g/m 2 , lower than the limit of 2,500 g/m 2 set by Lafleur et al. (1989) for laboratory tests. Field piping rates were generally comparable with the ones observed in the laboratory tests (i.e. 100 to 1,730 g/m 2 versus 600 to 1,200 g/m 2 ), even though occasionally some of the geotextiles experienced higher piping rates in the field. Nonetheless, all of the geotextiles were considered to have performed satisfactorily both in terms of separation of the sludge from the overlaying cap and retention of the sludge solids by means of preventing excessive piping.
The filter press tests were conducted on the exhumed and the virgin samples of the geotextiles and the changes in the filtrate loss were calculated. The results are shown in Figure 10 along with the changes in permittivity. Figure 10 shows that the change in the filtrate loss values after one year of construction are, in general, comparable with the findings obtained from the permittivity tests. For instance, a 21% decrease in the filtrate loss is obtained for Geotextile C, which is comparable to a 17% decrease in the flow capacity of the same geotextile as indicated by the permittivity test, i.e., Ψ R = 0.83 would indicate a 17% decrease in flow capacity.
Comparison of Laboratory and Field Results
The geotextiles performed well both in the laboratory and in the field in terms of their retention performance. The piping rates were below the limit set considering the internal stability of the soil and environmental regulations. Field and laboratory piping rates were generally comparable; however, some of the geotextiles experienced higher piping rates in the field, perhaps due to additional dynamic loads exerted on the sludge due to passage of trucks during construction. Piping rates generally increased with increasing POA values in both gradient ratio and filter press tests. The filter press test is a simple and quick test for comparative evaluations of piping; however, since the test specimen size is small and the test duration is relatively short, it may not fully represent the long-term piping conditions in the field. The gradient ratio test provides this GEOSYNTHETICS INTERNATIONAL • 2002, VOL. 9, NO. 1 information more effectively.
Definition of an Acceptable Zone for Filtration
After combining the retention and clogging performances observed in the laboratory tests, an acceptable zone is defined for the filter behavior of sludge-geotextile and silty sand-geotextile systems (Figure 11 ). For sludge, permeability ratios, and for silty sand both permeability and gradient ratios were employed, since those were the discriminating indicators of the clogging behavior for each material. A new piping rate limit of 1,900 g/m 2 is set as the acceptable limit for retention performance of sludge whereas a limit of 2,500 g/m 2 is used for silty sand. A clogging ratio limit of 3 is used as the limit to clogging performance with both materials. Also a minimum POA limit of 2% for sludge and 1% for silty sand is set, due to the fact that geotextiles with POA values lower than these limits have quite high clogging ratios approaching 3. refers to a characteristic pore opening size of the geotextile and D refers to a characteristic particle size of the soil. Two size ratios commonly used as part of Clogging ratio
Silty san d
CONCLUSIONS
Filtration performance of wastewater treatment sludge was evaluated in the laboratory using nine different woven geotextiles. For comparison, these geotextiles were also tested with silty sand having the same particle size distribution as the sludge. Longterm gradient ratio tests and filter press tests were conducted with these two materials. Permittivity tests and image analyses were performed on the geotextile samples before and after the gradient ratio tests. Filtration performance of geotextiles with sludge was also observed in field test cells. Geotextiles placed over sludge under a cap were exhumed after a period of 6 to 12 months. Permittivity tests, filter press tests, and image analyses were performed on the exhumed geotextiles. The following conclusions are presented as a result of the laboratory and field studies:
1. Filtration characteristics of sludge are different than those of silty sand even though they may have the same particle size distribution. The presence of organic mass and the clod-like structure of the sludge results in more complicated filtration phenomena. This structure reduces piping of contaminated sludge solids but also promotes clogging of geotextiles. 2. The gradient ratio test (ASTM D5101) has certain limitations when used with sludge. The gradient ratio, GR, as calculated, does not necessarily reflect the actual clogging behavior for sludge due to problems associated with testing organic sludge. However, another clogging ratio, i.e., permeability ratio, K R , allows a clearer definition of clogging. 3. Two new ratios, permittivity ratio, Ψ R , and percent open area ratio, POA R , are introduced to quantify changes in flow capacity and filtration of geotextiles subjected to filtration. Both of these ratios support K R determined from gradient ratio tests and provide an additional check on the results. 4. The filter press test is a quick and simple test method and can be effective for comparative evaluation of short-term retention of sludge by geotextiles. Long-term piping performance, specifically important in the case of contaminated materials, can be determined more definitively by collecting the fines at the bottom part of the permeameter after the gradient ratio tests. 5. The percent open area, POA, is the most important woven geotextile pore structure parameter defining filtration. When tested with sludges or silty sands, less clogging (i.e., blocking) and more piping was observed with increasing POA. An acceptable filter zone is defined based on acceptable clogging and retention limits. A commonly used geotextile pore opening size-to-soil particle size ratio, O 95 /D 85 , could not be related to either clogging or piping. However, another ratio, O 50 /D 50 , did exhibit some correlation. It appears that a parametric study is needed for evaluating various O x /D x ratios and finding the most discriminating ratio for clogging and retention performance. 6. Geotextiles subjected to gradient ratio tests were analyzed to determine the reduction in their POA values and two characteristic pore opening sizes, O 95 and O 50 , using the image analysis method. The decrease was less than 10% for most of the geotextiles. Larger reductions were observed for the geotextiles with relatively smaller percent open areas, indicating that POA value have a direct effect on the clogging performance of woven geotextiles. 7. Field performance of geotextiles was generally consistent with that observed in the laboratory tests. In general, comparable Ψ R and POA R values were obtained for the specimens exposed to filtration in the field or in the laboratory. The field geotextiles experienced slightly larger reductions in their O 50 pore opening sizes than O 95 (up to 11.5% versus 9.5%). These reductions were, in general, comparable with those observed for the geotextiles exposed to filtration in the laboratory. Field piping rates were generally comparable with the ones observed in the laboratory tests.
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